conifer tracheids can be just as hydraulically efficient as angiosperm xylem for a given 28 conduit diameter, a result that can be wholly attributed to the distinctive structure of the 29
Because pit membranes also function to limit the spread of air from one conduit to 1 another (cavitation), the physiological consequences of the transport efficiency vs. within this framework, pit membranes have the potential to act as the nexus of the 10 cavitation safety versus transport efficiency compromise. Yet despite our progress, we 11 are just starting to learn how these trade-offs play out at the level of the pit membrane, 12 particularly in one as complex as that of conifers. Hence, the goals of this study were to 13 determine whether selection has acted to optimize conifer pit membrane performance in 14 a manner that reflects species' cavitation resistance and habitat distribution, as well as 15 to examine the role if any, of evolutionary lineage. and Pittermann, 2009). When tracheids are water-filled, the pit membrane is centrally 21 located in the pit chamber and water moves from tracheid to tracheid through the 22 margo. Should an air-seeding event (cavitation) occur causing a tracheid become air-23 filled, (ie. embolized), the negative xylem pressure (P x ) in the water-filled tracheid will 24 act on the air-water interface in the margo pores by deflecting the pit membrane in the 25 direction of the functional tracheid, thereby appressing the torus against the pit aperture 26 border (Bailey, 1913; Liese, 1965; Liese and Bauch, 1967; Petty, 1972) . This valve 27 action of the membrane can create an effective seal that prevents further spread of air 28 in the xylem. Cavitation is thought to occur when the P x of the water-filled tracheid 29 becomes negative enough to dislodge the torus from its sealing position allowing air to 30 enter the conduit. Overall, the structure of the torus-margo pit membrane must optimize 31 what at first glance appear to be conflicting functional requirements: on the one hand, 1 cavitation resistance selects for a combination of large tori and small apertures, but on 2 the other, hydraulic efficiency favours porous margos, large apertures and small tori. 3
4
One of the first studies to examine the hydraulic resistance of the conifer pit used a 5 physical model to show that 28% and 44% of pit resistance is explained by the torus 6 and pit border (aperture) respectively, with the remaining 28% of pit resistance residing 7 in the margo (Lancashire and Ennos, 2002). By contrast, computational fluid dynamics 8 suggested that the pit aperture explains only 25% of pit resistance with 25 to 38% 9 resulting from the margo (Valli et al., 2002) . The balance of remaining resistances was 10 attributed to the internal architecture of the pit chamber. Both studies relied on physical 11 or computational models that treated the margo as a homogeneously porous mesh, an 12 approach that may have over-or underestimated the margo's contribution to pit 13 resistance. This is not unexpected because the margo is an intricate, irregularly porous 14 structure that is difficult to replicate in a model. Compounding this complexity is an diameters. The assumption was that the P x at which membrane aspiration occurred 24 (P asp ) was directly related to the porosity of the margo. Hence, an increase in the 25 number of margo microfibril 'spokes' reduced margo porosity, which increased P asp , 26 stabilized the torus, and thus conferred a higher resistance to cavitation. Consequently, 27 reduced margo porosity was associated with greater cavitation resistance. 28
29
Given that conifer tracheids are on the whole, significantly shorter and narrower than 30 angiosperm vessels, Hacke et al. (2004) recognized that it is essential for the structure 31 of the pit membrane to be optimized for hydraulic efficiency, in addition to the basic 1 requirement of cavitation safety (Hacke et al., 2004) . To this end, the models of Hacke 2 et al. (2004) suggested tight scaling between the pit aperture and torus diameter 3 whereby the torus-aperture overlap was sufficient to achieve a required resistance to 4 cavitation without compromising pit hydraulic efficiency. Specifically, insufficient torus-5 aperture overlap required a dense margo to achieve a given air-seed pressure, while 6 excessive overlap (due to increased torus diameter and smaller aperture diameter) 7 reduced both the margo area available for water transport, and the aperture 8 In this study, we partitioned the margo and aperture contribution to pit hydraulic 5 resistance by first measuring cavitation resistance in the distal stems and one root 6 belonging to 15 species of Cupressaceae, and then combining these data with 7 anatomical measurements obtained via scanning electron microscopy (SEM) and 8 transmission electron microscopy (TEM) of earlywood intertracheid pits. Specifically, 9
we tested the hypothesis that an efficiency versus safety trade-off exists at the pit level, 10 and that it is related to the variation in margo structure. We also examined additional 11 features of the pit membrane in order to identify the anatomical characters that combine 12 to affect cavitation resistance and pit hydraulic performance. 13
14
The Cupressaceae are an ideal system for exploring the tradeoffs between safety and 15 efficiency in pit membrane structure. They span a wide range of environments, from 16 which stems showed 50% loss of conductivity (cavitation pressure, P 50 ) spanned a 31 broad range from -2.8 ± 0.62 MPa (mean ± SD) in the semi-riparian Glyptostrobus 1 pensilis to a low of -11.3 ± 3.52 MPa recorded in xeric-adapted Widdringtonia 2 cedarbergensis. The P 50 of M. glyptostroboides roots was -0.16 ± 0.06 MPa. 3 4 SEM images of earlywood intertracheid pit membranes revealed a high degree of 5 variation in membrane structure (Figure 1) . Qualitatively, increasing cavitation 6 resistance was associated with more distinct torus-margo boundaries, thicker tori, torus 7 extensions (Juniperus, Widdringtonia) and the presence of protrusions on the walls of 8 the pit chamber. We also observed that membranes belonging to vulnerable taxa such 9
as Taxodium, Metasequoia (roots especially) and Glyptostrobus were much more 10 fragile, and had a tendency to tear and deform when subjected to the electron beam in 11 contrast to the more cavitation resistant species whose membranes remained mostly 12 intact. Although cavitation resistance visually appears to be related to greater margo 13 porosity (compare Athrotaxis with Widdringtonia in Figure 1 ) the actual margo structure 14 proved to be so variable that any trends related to cavitation resistance were obscured 15 (see below). 16
17
Our measurements of inter-tracheid pit features on these SEM images revealed no 18 correlation between pit diameter and P 50 and only a weak relationship between torus 19 diameter and P 50 (Figure 2A and B) . However, we found that aperture diameter 20 decreased nearly 2-fold with more negative cavitation pressures, ranging from 4.5 ± 21 0.54 µm for M. glyptostroboides roots to 2.3 ± 0.35 µm from stems of Cupressus forbesii 22 (P 50 = -11.2 ± 1.78 MPa; Figure 2C ). 23
24
The ratio of the torus to aperture diameter showed the strongest and most statistically 25 significant relationship with P 50 across the 15 species surveyed suggesting that the 26 sealing function of the torus is essential to controlling air seeding in Cupressaceous 27 conifers (Figure 3) . Specifically, it is the reduction in aperture diameter that determined 28 the extent of torus to aperture overlap, which was calculated according to Hacke et al. Following standard statistical analysis, the physiological and anatomical data was also 4 analyzed in a phylogenetic context in order to examine whether any of the traits under 5 consideration might have evolved in a correlated manner. In addition, because this 6 study looks at a group of closely related plants, the Cupressaceae, we wanted to test 7 whether phylogenetic relationships within our data either obscured any relationships 8 between traits, or alternatively, lead to a false impression of correlation (Felsenstein, 9 1985; Garland et al., 1992) . In order to test for both these effects, we used 10 phylogenetically independent contrasts (PICs, Felsenstein, 1985) . This approach has 11 previously been used with hydraulic traits by several authors (Preston and Ackerly, function relationships of torus-margo pit membranes. By directly measuring features 10 such as aperture diameter, aperture depth, margo strand length, thickness and margo 11 porosity, we could identify the hydraulic and biomechanical trade-offs associated with 12 cavitation resistance across the Cupressaceae. The first of these analyses revealed that 13 pit aperture hydraulic resistance is tightly and significantly correlated with cavitation 14 resistance, decreasing nearly 8-fold over the 10 MPa range of species' P 50 's ( Figure  15 7A). This is consistent with the observed adjustments in aperture diameter described in 16 resistance was shown to be invariable across the spectrum of cavitation pressures, 18
indicating that margo structure is generally unrelated to cavitation resistance in these 19 plants ( Figure 7B ). Although surprising, we are confident that these results are an 20 accurate and methodologically unbiased reflection of margo resistance because in order 21 to minimize variation due to artifacts, margo porosity was consistently measured in the 22 most intact portions (30-50% of total margo area) of the membrane across all of the 23 species we surveyed (although the best photographs are shown in Figure 1 ). Thus, we 24 conclude that the reduction in total pit resistance with less negative P 50 's is most 25 strongly related to increasing pit aperture diameter ( Figure 7C ). It is important to note 26 however that the proportional contribution of the margo to overall pit resistance 27 increases in pits of more vulnerable taxa presumably because the relative pit aperture 28 resistance is so low (Figure 8 ). 29
Our final analysis examined the membrane-level biomechanical costs associated with 1 varying vulnerability to cavitation. We predicted that the margo fibrils of aspirated 2 membranes might be subject to increasing tensions in species with progressively 3 greater resistance to cavitation. However, we observed no relationship between 4 maximum margo tension at deflection and P 50 across the seven species surveyed 5 (Figure 9 ). This result is probably due to the scaling of margo strand length (l) with the 6 maximum torus displacement (y) whereby displacement is roughly one third the length 7 of the average margo strand (Figure 9 ). Consequently, the margo microfibrils 8 experience constant tension across a range of P 50 . To look at this from a different 9 perspective, we also calculated the margo strain at aspiration (e a ) using pit membrane cavitation resistance in three species of Pinaceae, suggesting that thinner, and 7 presumably more flexible tori may form a tighter seal against the pit aperture during 8 aspiration. By contrast, our results indicate a substantial thickening of the torus in 9 response to more negative P 50 (Figures 5, 6 ). 10
In cavitation resistant Cupressaceae, once the torus is aspirated and resting against the 11 pit border, the margo could be up to a point, unnecessary for keeping the torus in place 12 because the tori of these plants tend to be thick and potentially less susceptible to 13 distortion ( Figure 3) . Secondly, the presence of knobby wall protrusions on the internal 14 The presence of thicker and extended tori in cavitation resistant Cupressoid and 24
Callitroid clades suggests that in these groups of conifers, selection favours pit 25 membranes that minimize air-seeding through the seal between the torus and the pit 26 border. In less cavitation resistant species such as Taxodium distichum and 27
Glyptostrobus pensilis, the role of the torus in protecting against air-seeding is much 28 less clear because not only is the torus/aperture ratio much lower, but the torus itself is 29 deciduous conifers where consistent water availability selects for large pit apertures and 7 high pit transport efficiency (Figure 7) , the margo probably lends little mechanical 8 stability to the aspirated torus. 9
10
We were surprised at the high degree of variation in margo resistance (R m ), but our 11 measurements of margo porosity were consistently made on the most intact regions of 12 the margo across all species so our estimates of R m are conservative. The variation in 13 R m arises from the presence of one or several large pores, which can have a large 14 impact on R m because the hydraulic conductance of a pore (D) is a function of D 3 (see 15
Methods, Eqn. 3). Yet despite this variation, it is not unreasonable to conclude that in 16
the Cupressaceae, the margo's contribution to overall pit hydraulic resistance 17 progressively increases in less cavitation-resistant taxa (Figure 8) . Although it is difficult 18
to identify a precise P 50 at which R m exceeds that of the R a , our data suggest that the 19 margo may constrain pit transport efficiency in more mesic-riparian Cupressaceae, or in 20 parts of the tree such as the trunk, roots or latewood that are typically less resistant to 21 cavitation (Domec et al., 2006) . Generally speaking, margo resistance may be higher 22 than aperture resistance in Cupressaceae with P 50 's that are less negative than about - that thinner tori were associated with an increase in cavitation resistance in three 24 species of Pinaceae so the phylogenetic influence on the structure and function of 25 conifer pit membranes needs to be broadly examined. 26 
27
Although our survey of pit membranes in the Cupressaceae is by no means exhaustive, 28
we can comment on the general evolutionary trends in pit structure and function across 29 members of this family. Broadly speaking, the higher cavitation resistance of the 30
Cupressoid and Callitroid grades is a derived character, reflected in part by the trend 31 toward higher torus/aperture ratios, thicker tori and a progressively more targeted 1 digestion and distinct separation of the torus and the margo (Figure 1) . More 2 quantitatively, the PIC analyses of the cavitation pressure and torus-aperture ratio give 3 us some capacity to trace the evolution of drought resistance in this family.
Callitroid clades, with the largest differences in P 50 and the torus-aperture ratio 13 occurring at the split between arid and mesic taxa such as in nodes 26 and 27 (two of 14 the largest constrasts) of the Callitroids, and node 28 of the Cupressoids (Figure 4) . By 15 comparison, the differences between the riparian taxa (Taxoioid clade) and their mesic 16 relatives (Sequoid clade) are smaller as indicated by smaller P 50 contrasts at nodes 22 17 and 19 respectively. It seems likely that the greater vulnerability to cavitation found in 18 the basal Cupressaceae is associated with the high water availability in the mesic-19 riparian habitats in which these taxa are often found, and that this is the ancestral 20 condition for the entire family. Consistent with this, the deciduous Glyptostrobus, 21
Taxodium and Metasequoia, which grow in mesic-riparian regions tend to exhibit thin, 22 fragile and seemingly diaphanous pit membranes that appear poorly equipped to 23 withstand low water potentials. Thus, both anatomical and independent contrast results 24 support the conclusion that low cavitation resistance is the ancestral condition for the 25 Cupressaceae, and that drought resistance is a derived character that evolved 26 separately in the Callitroid and Cupressoid clades. Future studies linking additional 27 xylem-level traits with ancestral state reconstructions may add to our understanding of 28 the evolutionary trajectory of the Cupressaceae. 29
Lastly, we observed no biomechanical trade-offs associated with cavitation resistance 1 and the tension imposed on the margo strands of the pit membrane (Figure 9 ). The 2 forces imposed upon the margo during aspiration remain invariable because the length 3 of the strands (l) scales with the membrane displacement distance (y) and torus 4 diameter, such that the ratio of l to y remains constant. Our data suggest that 5 structurally, cavitation-resistant Cupressaceae pit membranes can be classified as Type 6 1 pits that are for the most part strong, flexible and resistant to rupture upon aspiration 7 (Hacke et al., 2004) . Whether or not 'stretch-seeding' consistently occurs -that is air-8 seeding via stretching of the margo and displacement of the torus -is debatable 9 because more cavitation-vulnerable taxa such as Taxodium sp. and Glyptostrobus 10 possess pit membranes that are rather fragile, so capillary failure may not be limited to 11 the torus-pit border interface ). The scaling between pit features is 12 also consistent with the observed proportions between the P 50 and the conduit diameter Where are we with regard to linking pit structure with cavitation resistance across woody 19 plants? The structural heterogeneity of the torus-margo pit makes it an attractive 20 feature to study because theoretical predictions can be reasonably tested using SEM 21 and hydraulic methods, so key traits across all torus-margo pit membranes as well as 22 important differences at the level of the family or generra can be identified among extant 23 conifers. Secondly, if we are to understand the acclimation response of cavitation 24 resistance, it is important to also consider phenotypic plasticity via strategically 
Methods and Materials 26 27

Plant material 28
All Cupressaceae species were collected from arboreta located on the central California 1 coast, so all plants were subject to similar climatic conditions (see Table 1 ). Stem 2 samples from a total of 15 species were collected from Strybing Arboretum in San 3
Francisco's Golden Gate Park (37.78°N 122.43°W) and from the nearby University of 4
California's Botanical Garden in Berkeley. Libocedrus plumosa was sampled at the 5 University of California's arboretum in Santa Cruz (36.97°N 122.03°W) . In order to 6 examine the intertracheid pits of purely riparian conifer xylem, we collected submerged 7 root material from Metasequoia glyptostroboides trees growing creek-side at the U.C. 8
Botanical garden. 9 10
In general, the climate of these three sites is described as Mediterranean, with mild 11 temperatures, wet winters, dry summers, abundant summer fog input and very rare 12 freezing events (mean annual precipitation is 500-580 mm and mean annual 13 temperature is 15-17°C). However, species' watering regimes reflected their natural 14 history such that individuals of Taxodium distichum were typically found near ponds, 15 while xeric-adapted taxa such as Widdringtonia cedarbergensis grew in gardens which 16 were less frequently watered. All species were clearly labeled, associated with 17 accession numbers, and their age and planting history were well catalogued. Hydraulic conductivity (k) was measured according to the method of (Sperry, 1993) and 9 calculated as the flow rate for a given pressure gradient per unit of stem length. The 10 segments were mounted on a tubing apparatus where k was measured gravimetrically 11 under a pressure of 5-6 kPa using filtered water. The flow rate through the segments 12 was determined without a pressure head before and after each gravimetric flow 13 measurement. These background flows were averaged and subtracted from the 14 pressure-induced flow in order to improve accuracy. 15 
16
We used the centrifuge method to determine species' vulnerability to cavitation in 17 response to a range of xylem pressures (Pockman et al., 1995; Alder et al., 1997) . 18
Stems were secured in a custom rotor designed to fit a Sorvall RC-5C centrifuge and 19 spun for three minutes at speeds that induce a known xylem pressure (P x ). The percent 20 loss of conductivity (PLC) caused by centrifugation at each P x was calculated from the k 21 measured after spinning, relative to the maximum conductivity (k max ) at P x = 0 MPa such 22
where k max was determined at P x = 0 MPa following degassing. The segments were 27 spun to progressively more negative P x until the PLC exceeded 90%, or alternatively 28 until P x = -10 MPa, which is the most negative P x that can be achieved using the 29 centrifuge. Five to six segments were used to generate the same number of 30 vulnerability curves, each of which was subject to the curve fitting routine of Pammenter 31
and Vander Willigen (1998). The xylem pressure at which segments exhibited a 50% 1 loss of conductivity (P 50 ) computed as an average ± one standard deviation per species. 2 3
Scanning Electron Microscopy (SEM) 4 5
Wood samples for scanning electron microscopy were collected from the same 6 individuals and similar canopy locations as described above. Four stem segments that 7
were 5 to 8 mm in diameter and 10-15 cm in length were collected from each species, 8 wrapped wet paper towel, and transported to the lab where they were re-cut under 9
water to a 5 cm length and placed in a -10°C freezer for two days. These samples were 10 then freeze-dried over night. 11
12
Freeze dried twig samples were split in half and mounted on aluminum stubs using nail 13 polish to increase conductivity between the sample and stub. Samples were coated with 14 gold-palladium for 4 minutes at 20 mA using a sputter coater (Emitech, Ashford, Kent, 15 UK). All samples were observed under a field emission scanning electron microscope 16 Gardens, Kew, UK. Due to customs' inspection, the samples were in transit for three 29
days. 30
At Kew, one sample per species was prepared for (TEM). Wood from the last 2 growth 1 rings was cut into thin longitudinal slivers, cut into 1 mm 3 blocks, and fixed overnight in 2 Karnovsky's fixative at room temperature (Karnovsky 1965). After washing in a 0.05 M 3 phosphate buffer, the specimens were postfixed in 1% buffered osmium tetroxide for 4 h 4 at room temperature, washed again, and dehydrated through a graded ethanol series 5 (30%, 50%, 70%, 90%, 100%). The ethanol was gradually replaced with LR White resin 6 (London Resin Co, Reading, U.K.) over several days, with the resin being changed 7 approximately every 12 hours. The resin was polymerized in a Gallenkamp 8 (Loughborough, Leicestershire UK) vacuum oven at 60 °C and 1,000 mbar for 24 hours. 9
Embedded samples were trimmed with a Leica EM specimen trimmer (Leica 10 Microsystems, Vienna, Austria) and sectioned on an ultramicrotome (Ultracut, Reichert-11 Jung, Austria). Transverse sections of earlywood conduits about 1 and 2 μ m thick were 12 cut with a glass knife, heat-fixed to glass slides, stained with 0.5 % toluidine blue-O in 13 0.1 M phosphate buffer, and mounted in DPX (Agar Scientific, Stansted, UK). Ultra-thin 14 sections were cut between 60 and 90 nm using a diamond knife. These sections were 15 attached to Formvar (Agar Scientific, Stansted, UK) and copper grids (100 mesh) and 16 stained with uranyl acetate and lead citrate using a Leica EM Stain Ultrostainer (Leica 17
Microsystems, Vienna, Austria). Observations were carried out using a Jeol JEM-1210 18 TEM (Jeol, Tokyo, Japan) at 80 kV accelerating voltage and digital images were taken 19 using a MegaView III camera (Soft Imaging System, Muሷ nster, Germany). 20
Measurements were made on at least 15 pit membranes per species. alignments and concatenate both genes into a matrix, which was then analyzed using 28 maximum parsimony in PAUP*Beta 11 (Swofford, 1998), with a random addition 29 sequence and tree bisection and reconnection branch-swapping. We were unable to 30 
Estimates of pit hydraulic resistance and margo strand tension 23
In order to quantify the hydraulic trade-offs associated with cavitation resistance at the 24 pit level, we calculated the aperture, margo and pit resistances using methods 25 
where n is the number of pores in the membrane, D p is the hydraulic diameter for all the 10 margo pores measured (assuming an equivalent circle diameter of each of the pores), 11
and f(h) is the proportion of the margo occupied by pores. SEM images were used to 12 estimate margo porosity, and pore areas were measured within an intact, non-13 appressed section of the margo from an average of four pits using image analysis 14
software. An average of 350 pores were measured on each photo. Total pit area-15 specific resistance was calculated as the sum of R m and 2*R a where 2*R a accounts for 16 the two apertures present in one pit. 17
18
We applied Petty's (1972) for details). 7 8 Figure 9 . The maximum tension calculated from margo strand length and torus 9 displacement indicates individual margo strand is invariable across a range of cavitation 10 pressures (A). Presumably, this is because the average length of the margo strands 11 scales with the mean maximum displacement of the pit membrane during aspiration (B).
12
Calculations of margo strain at aspiration based on measurements of membrane and 13 torus diameter suggest that deformation of the margo is decoupled from the cavitation 14 pressure (C 
